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Introduction
The paper concerns the design Smoke and Heat Exhaust Ventilation Systems (SHEVS) for atrium buildings. This approach provides smoke and heat exhaust from the upper regions of a building to create a clear layer beneath a buoyant stratified smoke layer. The use of SHEVS is particularly important in terms of life safety and property protection.
Atrium buildings are commonly designed such that the atrium space is connected to adjacent rooms or spaces. Rooms which connect to the atrium via unprotected openings are known as communicating spaces. If a fire were to occur in a communicating space (e.g. a shop or office unit), a horizontally moving buoyant layer of hot smoky gases will form within that space. This layer will spread laterally and flow toward the opening connecting to the atrium space. If there are no smoke control measures to confine the smoke layer to the room of origin, this horizontally moving layer will flow out of the opening. If a balcony exists beyond the compartment opening, smoke will flow beneath the balcony. The smoke flow will then rotate around the free edge of the balcony (i.e. the 'spill edge'). The smoke will then rise vertically as a plume into the atrium space and entrain large quantities of air (see Figure 1 ). Entrainment of air will also occur into the free ends of the plume as it rises.
This type of plume is commonly known as a balcony (or a free) spill plume.
A key input parameter for balcony spill plume calculations is the mass flow rate of gases at the spill edge. This represents the mass flow rate of the horizontally flowing smoke layer at the end of the balcony prior to spilling into the atrium space. A common scenario is the presence of a downstand at a compartment opening from which a higher projecting balcony extends (see Figure 1 ). As smoke flows from the compartment opening and rises to form a layer beneath the balcony, entrainment of air will occur into the smoke flow. This entrainment needs to be accurately determined to predict the mass flow rate of gases at the spill edge for design purposes. Unfortunately, there has been little work explicitly studying entrainment of air into smoke flow from a compartment opening to a higher projecting balcony. Morgan and
Hansell [1] referenced unpublished work by Marshall, which had identified that this additional entrainment, when expressed as a percentage of the mass flow of gases at the compartment opening, varied from 73% for a 7 m wide opening to approximately 150% for a 14 m wide opening. This indicated that the amount of entrainment varied with the precise geometry involved. As there was insufficient data to accurately quantify the amount of entrainment for all likely geometries, an entrainment value of 100% was proposed as being representative for most cases. Therefore, for the purposes of engineering design, Morgan and Marshall proposed that the mass flow rate of gases at the spill edge should be taken to be twice that at the compartment opening [see Equation 1] . It was recognised that this assumption was crude and further work was necessary to further quantify this entrainment.
More recent work has been carried out in an attempt to better quantify this entrainment. An iterative calculation method was initially developed by Hansell [2] to determine the mass flow rate of gases at the spill edge for this scenario. This method was derived from limited full scale experimental data obtained from fires within a relatively narrow compartment opening. In all cases, the compartment opening had a width which was equal to the width of the spill edge. However, more recent work by Garrad [3] has shown that this method is only reliable if applied to similar geometries from which the method was derived. Garrad recommended that until further research was carried out, the guidance given by Equation 1 should remain as a conservative estimate for design purposes. This advice is currently contained in guidance for the design of SHEVS in atrium buildings [4] .
To improve the available guidance to designers of SHEVS, this paper describes further research to characterise the amount of air entrainment into these flows for a variety of compartment openings. This work aims to develop a simple empirical correlation to accurately predict the mass flow rate of gases at the spill edge.
Approach
The technical approach for this study was a combination of Computational Fluid Dynamics (CFD) modelling and physical scale modelling. CFD modelling was the primary approach used for this study, with physical scale modelling being used for selected tests to assess the validity of the CFD predictions.
Fire Dynamics Simulator (FDS)
The CFD model used in this work was Fire Dynamics Simulator by Forney and McGrattan [6] .
Physical scale modelling
This approach is well established and has been used in many studies of smoke movement in buildings. The approach described in this paper was primarily developed at the Fire Research Station in the UK [7] and typically takes the form of reduced scale fires within a physical model. Measurements are generally made of temperature, velocity and gas concentrations, in addition to visual observations. To ensure that the results can be extrapolated to full scale, the physical scale model used in this study was designed to meet the scaling principles set out by Thomas et al [7] . This is effectively a modified Froude number scaling and requires that the equivalent flows are fully turbulent on both full and model scale.
Dimensional relationships between fluid dynamic variables, which can be derived from first principles, are described elsewhere [8] . These relationships can be simplified by holding one of these variables constant to derive the scaling laws. For experimental modelling, it is convenient to keep the temperature above ambient equal on both full and model scale. Hence, the same temperature must apply to the corresponding points in the flow system, irrespective of scale. The scaling laws can then be described by,
and the time scale τ, which is described for the flow system by,
It should be noted that all of the above applies only to a flow that is fully turbulent and is driven by buoyancy forces alone. The above scaling laws do not describe either conductive or radiative heat transfer processes. If either is present to a significant extent in the flow system, the scaling laws given here cannot be applied.
The Experiment
The physical scale model
The apparatus used for this work was a 1/10 th physical scale model (see Figure 2) . occupied the full height of the fire compartment as in previous work [9, 10] . In reality, these channelling screens would not occupy the full height of the compartment, but would be deep enough to contain the approach flow beneath the balcony. However, in the experiment, the channelling screens were made full height to contain all possible approach flows for the range of conditions studied. The flow conditions at the compartment opening are likely to be similar, either when using full height or short channelling screens, provided that the approach flow is contained within the screens.
The technique of using deep channelling screens to encompass a range of approach flow layer depths has been successfully used in previous work [11] . A steady-state fire source was generated by supplying Industrial Methylated Spirits (IMS) into a metal tray within the fire compartment at a controlled and measured rate.
The metal tray was located at the rear of the fire compartment. The tray was tilted toward the back of the compartment, so that the fuel surface remained reasonably uniform and automatically adjusted to match the burning rate to the inflow of fuel. were visualised by injecting smoke from a commercial smoke generator into the fire compartment.
Instrumentation and measurements
The gas temperatures in the model were measured using 0.5 mm diameter bare wire chromel/alumel (K-type) thermocouples. Thermocouples were positioned at various locations in the model (see Figure 3) , as follows: were also carried out across the width of the gas flow at the compartment opening and at the spill edge (10 mm below the edge) to examine homogeneity of the flow.
Visual observations of each test were carried out. This included the smoke behaviour and the layer depth at the compartment opening and at the spill edge. Photographic records were also made for selected tests. All experimental measurements were made once relatively steady state conditions had been reached within the fire compartment.
Parameter variation
As CFD modelling was primarily used to study this aspect of the work, only a selected number of experiments were carried out. The height of the fire compartment, the breadth of the balcony and the size of the fire remained fixed for all of the experiments carried out. The downstand depth was varied. Two downstand depths were used, 0.1 m and 0.2 m deep respectively. This in turn varied the height of the compartment opening. The width of the compartment opening was also varied so that a range of aspect ratios of compartment opening could be examined.
FDS Modelling

Modelled geometry
A greater range of fire compartment geometries were examined using FDS than those carried out experimentally. As in the experiment, the fire compartment was modelled such that a downstand was present at a compartment opening prior to a higher and across the spill edge (under the balcony). These thermocouples were situated 10 mm below the edge and were used to determine if the temperature profile was reasonably homogeneous across the flow. Velocity predictions were also made at these locations. Gas temperatures were also predicted by assuming a column of thermocouples being present in a central location at the compartment opening and at the spill edge. The thermocouples on each column were equally spaced at an interval of 10 mm from floor to ceiling level. Velocity predictions were also made at these locations. Velocity and temperature slices were also generated within FDS in an x-z plane (long length) centrally through the compartment. These slices provided an overall velocity and temperature map for a plane. 
Results and Discussion
Comparison of the FDS prediction with the experiment
To enable an assessment to be made of the validity of the FDS predictions, a comparison was made with the experimental results in terms of gas temperature and 
Velocity vectors of flow from a compartment opening to a higher projecting balcony
The behaviour of the flow from a narrow compartment opening was generally similar to that described above. However, the flow appeared to have and increased amount of horizontal projection from the opening compared to a wider opening.
The flow behaviour for all of the simulations described above was for a balcony with a breadth of 0.3 m (3m full scale). For this breadth of balcony, the flow from the compartment opening generally transformed into a horizontally moving flow beneath the balcony before spilling at the free edge. This behaviour was also observed for those simulations which examined a balcony breadth of 0.5 m.
However, simulations which examined a balcony breadth of 0.2 m resulted in a flow which projected beyond the balcony, without a horizontally flowing layer forming beneath. For this scenario, the effective spill edge will be at the top of the compartment opening, with the mass flow rate of gases at the compartment opening being an appropriate input parameter for spill plume calculations.
Mass flow rate of gases at the spill edge
In the absence of any underlying theory, the FDS results were correlated in various ways in an attempt to develop an empirical correlation to predict the mass flow rate of gases at the spill edge. Those parameters which were expected to influence the entrainment of air into these flows were included in the correlations. The following parameters were used:
• Mass flow rate of gases at the compartment opening ( w M )
• Mass flow rate of gases at the spill edge ( b M )
• Width of the compartment opening ( o w )
• Height of the compartment opening ( o h )
• Height of the compartment ( h )
The results for a flow beneath a 0.2 m broad balcony were not included since the nature of this flow was fundamentally different from all of the other simulations. down onto a single relationship described by a power law which is non-dimensional in nature. This relationship appears to be versatile, as it applies to a wide range of compartment opening geometries (i.e. aspect ratios) and downstand depths. It also appears to be independent of the heat output of the fire which was also varied in the simulations. Figure 9 shows that the experimental measurements appear to generally obey the power law given by the FDS predictions. This provides further confidence for the use of this empirical relationship as a calculation method for design purposes.
Empirical correlation for design purposes
Equation 4 gives an empirical correlation to predict the entrainment of air from a compartment opening to a higher projecting balcony, and hence, the mass flow rate of gases at the spill edge. This was determined from the line of best fit of the power law relationship from the FDS predictions shown in Figure 8 . rate of gases at a compartment opening, which can be determined using simple wellestablished methods given either by Morgan et al [4] , Thomas et al [7] or Quintiere et al [11] . The other parameters are physical, and are likely to be specified in the design. Garrad used a calculation technique given by Morgan et al [4] to determine the mass flow rate of gases at the compartment opening for each scenario. The subsequent mass flow rate of gases at the spill edge, determined using the Hansell method and Equation 4, are given in Table 2 for each scenario examined. 
Conclusions
The findings of the CFD and physical scale modelling studies provided the following conclusions:
• In general, the current guidance on the entrainment of air into a flow from a compartment opening to a higher projecting balcony is conservative.
• The results suggest that entrainment of air into these flows is greatest for wide openings with a deep downstand.
• An empirical correlation has been determined to predict the entrainment of air into a flow from a compartment opening to a higher projecting balcony, and hence, the subsequent mass flow rate of gases at the spill edge. This 
